Introduction
Low temperature co-fired ceramic (LTCC) technology is widely used nowadays due to is cost effectiveness, 3D integration thereby providing miniaturization, high performance etc. [1, 2] . It is extensively used for the fabrication of multilayer as well as hybrid circuits [1] . LTCC based first additive of any slurry [12] . The role of the binder is to provide strength to the green tape [16] . It has the keen role on the viscosity of the final tape casting slurry [12] .The main function of plasticizers is to provide flexibility to the green tape. The homogenizer contributes uniformity to the tape [12] . The objective of adding organic additives to the ceramic powder is to fabricate green tape with appreciable density, thickness, and further processing into an LTCC module [17] . After sintering, all the organic additives in the green tape burnt out and the final product consists of only the filler ceramic material [18] .
The most popular choice for LTCC material is a suitable combination between ceramic and glass [19] . The glass has the ability to tune the dielectric properties of the LTCC system in addition to lowering the sintering temperature [20] . Most of the commercially available LTCC tapes consist of a suitable combination of alumina (Al 2 O 3 ) with low loss glasses. Alumina (Al 2 O 3 ) is a versatile material used in the electronic industry for the past decades due to its superior dielectric (low dielectric constant, low dielectric loss), thermal, mechanical properties as well as cost effectiveness [21] . The main difficulty to make Al 2 O 3 as LTCC material is its high sintering temperature [22] . According to the literature reports the most simple and cost effective method to reduce the sintering temperature of Al 2 O 3 ceramics is by glass addition [5] . Al 2 O 3 -glass composites are proved to be useful candidates for LTCC integrated circuits owing to their low sintering temperature, low ε r , low thermal expansion coefficient etc [23, 24] .
Alkali oxy borate glasses are widely used in applications such as solar energy convertors and in electronic devices. Compared to other glasses, these glasses possess high mechanical strength. Lithium based borosilicate glasses are widely used nowadays [25, 26] . Choi et al. investigated the role of 10 wt% Li 2 O-B 2 O 3 -SiO 2 glass in the reduction of sintering temperature of BaTi 4 O 9 and also reported the microwave dielectric properties of the ceramic as ε r = 32 and Q × f = 9000 GHz and τ f = 10 ppm/°C [27] 2 (LBS) as a sintering aid for BaO-1.5ZnO-4TiO 2 ceramics, with 8 wt% addition the sample could be sintered at 900 °C and exhibited excellent microwave dielectric properties of ε r = 27.72, Q × f = 20,381 GHz and τ f = 5.18 ppm/°C [2] .
LTCC materials with low dielectric constant (<9) and low dielectric loss provide attractive features for enhancing the signal propagation in communication systems and also to avoid cross-talk [30, 31] . The sintering temperature of most of the Al 2 O 3 -glass based LTCC systems are greater than 800 °C. In the present paper we report a novel LTCC tape based on Al 2 O 3 -lithium aluminum borosilicate (LABS) glass with a low sintering temperature of 775 °C with good microwave dielectric and thermal properties. The structural, dielectric, thermal, shrinkage and mechanical properties of the developed tape are investigated. The DTA analysis of LABS glass powder was analyzed using thermo gravimetric analyzer (SHIMADZU TGA/ DTA Instrument, Japan).The average particle size of the composite was found using dynamic light scattering instrument (Malvern Zetasizer, Nano-ZS, UK). The surface area of the composite was determined using surface area analyzer (Gemini 2375, Micromeritics, Norcross, USA). The coefficient of thermal expansion (CTE) of the bulk was carried out using a thermo mechanical analyzer (Exstar-TMA/ SS7300, SII Nano Technology Inc). The thermal conductivity of the composite was measured using a laser flash thermal properties analyzer (FlashLine2000, Anter Corporation, Pittsburgh, USA) with Al 2 O 3 as the reference. The low frequency study of dielectric constant was carried out using a LCR meter (Hioki 3532-50 LCR Hi Tester, Japan).
The density of the bulk Al 2 O 3 -LABS composite was calculated by Archimedes method.
Tape casting of Al 2 O 3 -LABS composite
A two stage slurry formulation was employed for the tape casting of Al 2 O 3 -LABS composite. In the first stage, the Al 2 O 3 -LABS composite (filler) was mixed with fish oil (dispersant) and xylene-ethanol (binary solvents) and the whole slurry was ball milled for 24 h. In the second stage, the slurry was again mixed with type I plasticizer (butyl benzyl phthalate, Sigma Aldrich) and type II plasticizer (polyethylene glycol, Sigma Aldrich), binder (polyvinyl butyral, Sigma Aldrich) and homogenizer (cyclohexanone, Sigma Aldrich) for another 24 h. The rheological study was carried out by cone and plate method using Anton Paar, MCR-102 Rheometer, USA. The sedimentation study was carried using a 10 ml measuring cylinder. The rate of settling of the slurry with different wt% of dispersant was noted for every 10 min for the first 2 h. The slurry was tape cast on a Mylar ® film with the help of a doctor blade using tape casting machine (Keko equipment, Zuzemberk, Slovenia) and the casted tapes were dried at room temperature. The dried tape was peeled off from the Mylar ® film and cut and into desired sizes followed by stacking and thermo lamination. The green tapes were thermo laminated using a thermo lamination press at a temperature of 60 °C for 10 min with a pressure of 6 MPa. The laminated green tapes were sintered at 775 °C with slow heating and cooling rates accompanied by two intermediate binder burnout stages at 300 and 600 °C. Constrained sintering using two platinum plates was employed here in order to avoid warping of the tapes. The microstructure of the bulk, green and sintered tapes was studied using scanning electron microscopy (JOEL-JSM 5600 LV, Tokyo, Japan). The TG analysis of the tape was carried out using Perkin Elmer STA 6000, Netherlands. The surface roughness of the Al 2 O 3 -LABS green tape was determined using AFM (Bruker, Nano, USA) operating in the tapping mode. The tensile strength of the green tape was measured using a universal testing machine (Hounsfield, H5K UTM, Redhill, UK). The microwave dielectric properties of the green tape and the sintered tape were determined using split post dielectric resonator (SPDR) operating at 5.155 GHz with the help of a vector network analyzer (Agilent E5071C ENA series, Agilent Technologies, Santa Clara, CA). The temperature coefficient of dielectric constant (τ ε ) was determined in the temperature range 25-60 °C using a 5 GHz SPDR. Figure 1a shows the XRD pattern of the as-prepared glass powder which confirms the amorphous nature of the LABS glass .The DTA curve of LABS glass is shown in Fig. 1b . The glass transition temperature is an important characteristic of an amorphous material [32] . It depends on the starting material as well as the processing (quenching) conditions [32] . The T g of the LABS glass is ~358 °C. Two crystallization peaks are observed at 496 and 565 °C may be due to the formation of Li 2 SiO 3 phase. Literature reports support the formation of Li 2 SiO 3 phase over this temperature range [25] . The endothermic peak around 659 °C corresponds to the onset of the melting of secondary phases or LABS glass.
Results and discussion

Properties of LABS glass
The LABS glass has a dielectric constant of 5.84 at 1 MHz with a dielectric loss of 0.02. At microwave frequency, the value dielectric constant is 4.55 (at 13.3 GHz) with Q u × f value of 2400 GHz (see Table 1 ). The error in dielectric properties measurement at the radio frequency for ε r is 6% while for tanδ, it is 5%. At, microwave frequency the error in ε r is 2% and Q u × f is 6%.
Al 2 O 3 -LABS bulk and tape properties
The particle size of the filler used for composite preparation as well as for tape casting is very important [12] . The average powder particle size found to be in the range 0.3-0.6 µm with a BET surface area of about 2.2 m 2 /g. Figure 2a shows the XRD pattern of the [5] . Figure 3 shows the SEM images of the fractured surface of Al 2 O 3 -LABS composite sintered at 800 °C. The SEM pictures show dense and homogenous microstructure of Al 2 O 3 -LABS composite.
The density and low frequency dielectric properties of the Al 2 O 3 -LABS composite sintered at different temperatures (725-825 °C) is shown in Fig. 4 . The sample sintered at 800 °C 2 h −1 has the highest density (2.30 g cm −3 ) and the highest dielectric constant (Fig. 4a) . The density decreases on sintering above 800 °C and this may be due to the escape of the volatile constituents from the LABS glass. The Al 2 O 3 -LABS composite sintered at 800 °C has ε r = 6.73 with tanδ 0.01 at 1 MHz. The main contributor to dielectric loss is the high mobility of alkali (Li + ) ion in the residual glass [33] . The composite sintered at 725-825 °C shows a dielectric constant value in the range 5.34-6.73 (see Fig. 4b ). The variation of dielectric loss with sintering temperature is shown in Fig. 4(c) . The composite has a low dielectric constant and is advantageous since it provides fast signal transmission and also minimizes cross-talk [34] .
In addition to the dielectric properties, thermal properties like CTE, thermal conductivity are critical parameters for substrate applications. The variation of thermal expansion with temperature is shown in Fig. 5a . The CTE of the Al 2 O 3 -LABS composite measured in the temperature ranges 30-300 °C is found to be 5.1 ppm/°C which is comparable with the commercially available LTCC tapes. The error associated with CTE measurement in the present study is 5%. To avoid thermal stress, the CTE of the substrate material should match with the metal layer or coatings. With the increase in temperature, the average distance between the atoms in increased which inturn increases the CTE of the material [31] . Thermal conductivity is another important parameter which determines the heat dissipation from a substrate i.e. high thermal conductivity implies better heat dissipation. Obviously, both thermal conductivity and thermal diffusivity are inversely proportional to temperature. According to the phonon thermal conduction theory, the thermal phonons suffers scattering due to lattice point defect [35] . The thermal conductivity of Al 2 O 3 -LABS composite at room temperature is obtained to be 3.80 Wm −1 K −1 (see Fig. 5b ). The possible error in the thermal conductivity measurement is about 6%. The developed Al 2 O 3 -LABS composite has better thermal conductivity compared to the commercially available LTCC tapes.
Silver is the commonly used electrode material in LTCC based devices and its non-reactivity with the ceramic tape is important for practical applications. The tape casting slurry should be well dispersed and the extent of dispersion is studied with the help of rheology [11] . The amount of fish oil needed for tape casting slurry is optimized on the basis of rheology as well as by sedimentation study. In the case of Al 2 O 3 -LABS composite, the optimum amount of fish oil for the effective dispersion of the filler particles is found to be 2 wt%. The rheology plot for different (wt%) fish oil content (1.5, 2 and 2.5 wt%) is shown in Fig. 7a . It is clear from the sedimentation analysis, 2 wt% added fish oil slurry showed slower settling rate and better packed density compared to the others (see Fig. 7b ). The rheological study of the final tape casting slurry is shown in Fig. 7(c) . From literature reports it is found that a good tape casting slurry should have minimum viscosity [12] . From the figure, it is evident that with the increase in shear rate, the Table 2 .
The TG curve of the Al 2 O 3 -LABS green tape is shown in Fig. 8a . Initially, there is an increased weight loss associated with the burning of organic additives. In the sintering process, two intermediate dwells (at 300 and 600 °C) are given in order to burn out the dispersant, binder and plasticizer. The sintering temperature of the Al 2 O 3 -LABS tape is optimized as 775 °C (2 h). Figure 8b shows the sintering profile of the tape made based on the TG analysis of the Al 2 O 3 -LABS of the green tape. The surface roughness of the green tape plays a vital role in printing circuit patterns [36] . The average surface roughness of the Al 2 O 3 -LABS green tape is found to be 293 nm. The two dimensional AFM image of Al 2 O 3 -LABS green tape is shown in Fig. 9 . The mechanical strength of the green tape is very important since the screen printing, punching, via filling etc are done on the green tape [12] . The amount of organics, tape casting process and also the testing conditions determines the mechanical properties of the green tape [37] . The tensile strength of the single layer of the developed Al 2 O 3 -LABS tape is found to be 0.2 MPa.
The XRD pattern of the sintered Al 2 O 3 -LABS tape shown in Fig. 2(b bulk is due to the difference in sintering conditions of bulk and tape. The microstructure of the surface of the green tape is shown in Fig. 10a . The presence of organic additives and porosity is clearly visible in the microstructure. The interface between adjacent layers during lamination is not seen in the cross section of the sintered tape which indicates that the individual tape layers unite to form a single LTCC module (see Fig. 10b ). The surface of the sintered tape indicates a dense microstructure (Fig. 10c, d) .
The microwave dielectric properties of Al 2 O 3 -LABS green and sintered tape measured at 5 GHz frequency are given in Table 3 . It is obvious from the Table 3 that the Al 2 O 3 -LABS LTCC tape sintered at 775 °C possesses good dielectric properties (ε r = 4.70 and tanδ = 0.005) and is comparable with the commercially available LTCC tapes. The thermal stability of microwave devices is essential for practical applications [38] . The temperature coefficient of dielectric constant should be practically zero over the operational temperature range [39] . The dependence of dielectric constant with temperature at 5 GHz is shown in Fig. 11 . It is obvious from the figure that the dielectric constant increases slightly with temperature and this is due to the high τ f of LABS glass. The τ ε for the Al 2 O 3 -LABS sintered tape is found to be +412 ppm/°C.
The shrinkage studies of the newly developed LTCC tape based on Al 2 O 3 -LABS is very important. Shrinkage occurs the entire three dimension i.e., x, y and z directions. Conventionally the tape casting direction is taken as the x-axis, the cross casting direction as y-axis and green tape thickness as z-axis [40] . The precise knowledge about shrinkage of LTCC tapes helps to design the LTCC module dimensions according to the shrinkage. In the present work constrained sintering is employed to minimize the shrinkage developed during sintering of Al 2 O 3 -LABS tape. Here also the procedure adopted for measuring shrinkage along the x and y-axes are same as that for our previous work on Al 2 O 3 -BBSZ tape [41] . In order to compute the shrinkage along x and y-axes, three points are marked along x and y-axes former to sintering. Before and after sintering the distance between the consecutive points along x and y-axes are measured and the percentage shrinkage is determined. The percentage shrinkage measure along x direction is 9.1 ± 0.7 and that along y direction is 8.1 ± 0.5.
Conclusions
The 40 with tanδ in the order of 10 −3 and τ ε +412 ppm/°C. The developed Al 2 O 3 -LABS composite with low dielectric constant and dielectric loss and better thermal properties are proposed as a candidate for LTCC device applications.
